The effect of annealing atmospheres (At amb 
I. Introduction
Diffuse phase transition (DPT) is an interesting topic in ferroelectric physics. A typical characteristic of DPT is the relaxor behaviour which occurs in a ferroelectric phase transition, predominantly in perovskite structure materials, especially in lead compounds, such as PMN, PSN and PLZT. DPT was found in solid solutions of BaTiO 3 and BaZrO 3 (BTZ) which is one of the most important compositions for dielectrics in multilayer ceramic capacitors [1] , because the Zr ion has higher chemical stability than the Ti [2, 3] ion and the high permittivity of the BaTiO 3 ceramics increases with addition of zirconium. The sintering temperature of BZT is up to 1300°C. By doping with Zr, the sintering temperature will increase, and the dielectric constant will rise [4] .
When the ratio of Zr to Ti in BZT reaches 20%, the Curie temperature is at room temperature (around 300 K), which is the ideal material for preparing variable electric capacities [5] . Chen suggested [6] that these features of relaxor phenomena are not caused by elementary excitation or the typical dielectric sources, (space charge), but by the reminiscence of a broad first-order phase transition obscured by severe geometrical and compositional randomness. However, there are some theories which consider the origin of high relaxor dielectric permittivity as the space charges arising from defects or vacancies [7, 8] . Therefore, a material doped with aliovalent components would have higher dielectric permittivity. It is known that the doping is an effective way to improve the material performance in electroceramics. A donor dopant, such as Va 5+ induces cationic defects while occupying the B site of the perovskite lattice [9, 10] . This behaviour may cause sever-al effects on the dielectric behaviour through interaction with domain walls [11, 12] . Similar to Zr modified BT, BZT10:2V ceramics may be a promising material as a lead-free actuator. In previous work, we investigated the dielectric characteristics of BZT10:2V ceramics [13, 14] . We observed that the substitution of vanadium on the B-site broadens the dielectric permittivity curves due to repulsion of vanadium with their next nearest neighbours leading to a structure which is tetragonally distorted. X-ray photoemission spectroscopy (XPS) is among the most suitable technique for investigating the effects of surface layers on the polarization properties and piezoelectric behaviour of polycrystalline ceramics [15] . The method of mixed oxide reactions is a good choice for the ceramic powder preparation which is important in the formation of highly dispersed phased materials typical for metal powders or oxide based materials or the formation of a new product by a solidstate reaction. In this method, there is an increase in the area of contact between the reactant powder particles due the high sintering temperature which allows contact of fresh surfaces. In addition, the high defect densities induced by the intensive temperature favour the diffusion process.
Thus, we report the preparation of BZT10:2V ceramics sintered under various atmospheres using the mixed oxide method. We have studied the effects of annealing atmospheres (oxygen, At amb and nitrogen) on the nature of defects and electrical properties of BZT10:2V ceramics.
II. Experimental
Ba(Zr 0.10 Ti 0.90 )O 3 ceramics were prepared by a solidstate reaction. High purity BaCO 3 , TiO 2 and ZrO 2 starting materials were weighed and wet mixed in alcohol. After drying, the powders were calcined at 1200°C for 4 hours. Separately, vanadium oxide was dissolved in nitric acid and complexed with citric acid and ethylene glycol. The vanadium citrate solution was added to the Ba(Zr 0.10 Ti 0.90 )O 3 powders and calcined at 600°C for 4 hours. BZT10:2V ceramics were sintered at 1200°C under nitrogen, oxygen and ambient atmospheres with pellets in a size of about 10 mm × 2 mm. The density of the sintered compacts was measured by the Archimedes method. X-ray diffraction data were collected with a Rigaku Rint 2000 diffractometer under the following experimental condition: 50 kV (voltage), 150 mA (current of X-ray tube), 20°≤ 2θ ≤ 80°, ∆2θ = 0.02°, λCuK α monocromatized by a graphite crystal, divergence slit = 2mm, reception slit = 0.6mm, accumulation time per step = 10s. After sintering the disks were polished to 1 mm in thickness and characterized by electrical measurements. The densities of the ceramic samples sintered under nitrogen, oxygen and air atmospheres are 96, 92 and 87% of the theoretical density of BZT10:2V (6.260 g/cm 3 ). Gold electrodes were applied by evaporation through a sputtering system in a polished surface of the sintered discs. The dielectric characterization was accomplished in an impedance analyser, Model 4192 of HP. Measurements of the capacitance as a function of temperature at several frequencies were conducted. From the capacitance dependence temperature curves, the Curie temperature was determined. Ferroelectric properties were measured on a Radiant Technology RT6600A tester system equipped with a micrometer probe station in a virtual ground mode. High-resolution photoelectron spectra were collected on a Physical Electronics PHI 1600/3057 spectrometer equipped with a monochromized Al-Kr (1486.6 eV) X-ray beam with detection normal to the surface. The spectrometer was operated in a fixed analyzer energy transmission mode, and the pressure during analysis was maintained at approximately 6.66 × 10 -8
Pa. Photoelectron spectra of Zr 3d and Ti 2p core levels were recorded using a computer controlled data collection system. The electron analyzer was set at pass energy of 10 eV. Piezoelectric measurements were carried out using a setup based on an atomic force microscope in a Multimode Scanning Probe Microscope with Nanoscope IV controller (Veeco FPP-100). In our experiments, piezoresponse images of the samples were acquired in ambient air by applying a small ac voltage with amplitude of 2.5 V (peak to peak) and a frequency of 10 kHz while scanning the sample surface. To apply the external voltage we used a standard gold coated Si 3 N 4 cantilever with a spring constant of 0.09 N/m. The probing tip with an apex radius of about 20 nm was in mechanical contact with the uncoated sample surface during the measurements. Cantilever vibration was detected using a conventional lock-in technique [16] . Figure 1 illustrates the room temperature X-ray diffraction pattern obtained from BZT10:2V ceramics sintered at various atmospheres. The X-ray reflections show that the single phase with a tetragonal perovskite structure was obtained which is a clear indication that vanadium has formed a stable solid solution with the BZT lattice. Bragg reflections peaks are indicative of the perovskite structure which is mainly characterized by a higher intense peak (hkl-110) at 2θ = 31° and no apparent peak splitting is identified. Regarding the role of an annealing atmosphere, it is evident that all samples showed good crystallinity with no second phase formation. Vanadium can replace either titanium or zirconium in the lattice. To confirm these results Rietveld analyses will be conducted.
III. Results and discussion
The temperature dependence of dielectric permittivity and dielectric loss tan(δ) for three samples at 10 kHz is shown in Fig. 2a and 2b, respectively. The dielectric permittivity for ceramics sintered in nitrogen showed higher values compared to the ceramics sintered in At amb and oxygen atmospheres. Regarding dielectric loss, the measurements suggest that low frequency loss values are significantly higher in a nitrogen atmosphere which can be explained by the higher space charge concentration which again arises due to a higher oxygen vacancy concentration. Also, it can be noted that dielectric properties (both the dielectric permittivity and the dielectric loss) of oxygen and At amb do not improve appreciably whereas nitrogen sintered ceramics show a significant improvement in the dielectric properties which again emphasizes the superior quality of nitrogen sintered ceramics. It is possible that this decrease in the permittivity for oxygen and At amb atmospheres is caused by space charge polarization which is inherently related to the non-uniform charge accumulation. The dielectric permittivity increases gradually with an increase in temperature up to the transition temperature (T c ) at Curie point, and then decreases due to the relatively large ionic radius of the B ion which enhances the thermal stability of BO 6 octahedra when compared to Ti or Zr [17] [18] [19] . Also, the BO 6 octahedra packing density will be determined by the size of the B ion. Larger B ions produce more closely packed octahedral which are therefore, more stable. The V 5+ centre enters into the B-site of the ABO 3 perovskite lattice leading to a charged [VO 6 
]
• defect which is associated with a barium vacancy in a local barium cluster [V'' Ba O 12 ]. This result is in agreement with Rietveld analyses and will be published later. In fully or partly ionic compounds, vacancies are charge balanced by other defects which form an overall neutral system. It can be assumed that particle charge compensation occurs at a nearest-neighbour barium cluster site in the [BaO 12 ] because the resulting coulomb interaction is the most important driving force. This assignment is in accordance with a first-principles calculation. Probably an equilibrium can be reached between "free" [VO 6 ]
• centres and [
] associated defects. We can consider the free [VO 6 ]
• clusters as responsible for ionic mobility and [VO 6 ] • + [V'' Ba O 12 ] defect dipole complexes as the main cause of electrical properties in the ceramic. Hence, charge transport will be considerably hindered. Below the Curie temperature, a high dependence of the dielectric loss was observed at elevated temperatures, vanadium doping stabilizes this dependence. The possible formation of dipole complexes may result in a reduced dielectric loss at elevated temperatures reflecting that good insulation resistance was maintained at high temperatures which is important for high temperature piezoelectric applications. The dielectric loss and dielectric permittivity show strong dependence as atmosphere changes. At the same frequency region, the obtained values are (0.023; 16880) (N 2 ); (0.034; 15650) (O 2 ) and (0.04; 14980) (At amb ). It is known that the increase in the dielectric loss is due to extrinsic resonance behaviour caused by defects (vacancy, movable ion, leaky grain boundary [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , etc.) that devel- 
oped in the structure of the bulk material with changes in the sintering atmosphere. The sample sintered under a nitrogen atmosphere possesses a significant difference in the dielectric loss peak which suggests a pinch-off of the phase transition. Due to the fine-grain microstructure (not shown in the text) in the sample, the introduction of vanadium causes a more sensitive distortion of the perovskite lattice which leads to a reduction in the oxygen octahedron interstices. The distortion of the perovskite lattice can strengthen the structure fluctuation of BZT10:2V ceramics which can be account for different diffusion phase transition behavior characteristics in this sample.
[ • clusters are present in the BZT10:2V lattice. As the oxygen content is reduced, there is a charge transference of [VO 6 ] • to the Ti and Zr clusters, according to the equations (1) 
In these equations, clusters oriented in the centre symmetric structure are observed which change the internal polarization at the clusters level by improving the remnant polarization. As the oxygen content increases, the effects of polarization are reduced due to less random crystal growth. On the other hand, more crystalline ceramics produce better polarization aspects due to the association of [ZrO 6 ] and [TiO 6 ] charged clusters and the crystalline behaviour which possesses a more uniform charges distribution in the sample sintered under nitrogen atmosphere.
To gain a further understanding on the defects created by the sintering atmosphere in BZT10:2V ceramics, X-ray photoemission analysis was conducted. The photoemission of Zr 3d and Ti 2p core levels are shown in Fig. 3 . Zr 3d and Ti 2p peaks for BZT10:2V ceramics sintered under nitrogen and oxygen atmospheres shifted toward the lower binding energy side with respect to the energy for the At amb (Figs. 3a,b) . The binding energies of Zr 3d and Ti 2p ceramics sintered under an At amb remain identical with the standard values. However, the binding energy peaks of Ti and Zr changes with the sintering atmosphere. These experimental results clearly indicate that oxygen vacancies are preferably present near Zr and Ti ions. Furthermore, the peaks for states which are less oxidized than Ti 4+ and Zr 4+ are also located in a lower binding energy region. The peak broadening suggests that some oxygen atoms at the perovskite layers are removed which implies that oxygen vacancies could be induced in the neighbourhood of the Zr and Ti ions. Because the ferroelectric behaviour of those materials mainly originates from metal-oxygen octahedra, the reduction of the ferroelectric properties in the sample sintered under an air atmosphere is related to oxygen vacancies present at the titanium and zirconium oxygen octahedra. Therefore, there are three chemical states for an oxygen anion in the vanadium doped barium zirconium titanate ceramics sintered at 1200°C. The chemical states of the oxygen anion will change with the annealing atmosphere, i.e. the solid solution compositions in the sample change which is similar to the ion radius of Ti, Zr, and V due to some substitutions of V 5+ for Ti 4+ or Zr 4+ which result in a decrease in the oxygen binding energy. Figure 4 shows the hysteresis loops (P vs E) measured at room temperature. Hysteresis loops reveal different saturation (P s ) and remnant polarization (P r ) values along sintering atmospheres. A sample sintered in a nitrogen atmosphere shows better polarization data than a sample sintered at ambient and oxygen atmospheres which implies that oriented micropolar clusters exist as a typical ferroelectric-relaxor characteristic. The lower remnant polarization of the samples annealed in oxygen and ambient atmospheres are caused by a trapped charge (O 2 " ) associated with other defects (V 0
•• or even defect dipole complexes such as oxygen vacancies associated with barium vacancies (V "" Ba -V 0 •• ) located in the grain boundary and in the film-electrode interface. The increased P r of our sample annealed under a nitrogen atmosphere can be attributed to the structural change in the oxygen octahedron since the annealing atmosphere controls cation defects in the lattice. The P-E loop was actually not closed as a result of the high leakage current at higher electric fields of 25.0 kV/cm. Thus, the charge compensation required by addition of V 5+ ions could be achieved by reducing oxygen vacancies which induces changes in the leakage current. It is also possible that BZT10:2V ceramics are free of imprint phenomena which cause a shift in the coercive field axis and leads to a failure in the capacitor. This failure can be caused by such defects as oxygen vacancies and space charges that leads to domain pinning and is almost absent in the BZT10:2V sample. Therefore, the role of vanadium is to reduce the stress within the domains [30] which re- sults in low coercive field (E c ) of 2 kV/cm. Finally, the polarization behaviour shows that BZT10:2V ceramics annealed under a nitrogen ambient atmosphere could be promising for low-temperature ferroelectric and piezoelectric applications. Piezoelectric behaviour at room temperature is shown in Fig. 5 . The butterfly-shaped strain versus electric fields can be observed for different sintering atmospheres. The difference in the strain behaviour might be attributed to different domain configurations. As is usually observed in the relaxor-based "soft" piezoelectric materials, the hysteresis at low fields is attributed to domain motions. In the present work, the hysteresis could also be associated with the domain reorientation which is prominent for a sample with a multidomain state. Above 30 kV/cm, the hysteresis-free strain is observed which implies a poling state free of domain wall motions induced by the high external electric fields. At 60 kV/cm, (the highest electric field in the study), the piezoeletric coefficient is at a maximum level. The oxidant and reducing atmosphere increase the piezoeletric behaviour which in part is due to domain reorientation. Beyond that point, it is possible that a modest bias field results in the transition from an asymmetric phase to a symmetric phase. This field-induced phase transition may be ascribed to the pinching effect, that is, the consequent decrease in free energy difference among polymorphic phases. A careful inspection of the d 33 -E plots reveals that there are two apparent linear regions at low fields (E < 30 kV/cm) and high fields (E > 70 kV/ cm) and one transition region corresponding to domains reorientation induced by external electric fields. It is shown that BZT10:2V ceramic samples sintered in a nitrogen atmosphere showed higher piezoeletric strain than the sample sintered under an air atmosphere. The piezoelectric coefficient was 43 pm/V, 40 pm/V and 27 pm/V for BZT10:2V ceramics sintered under nitrogen, oxygen and air atmospheres, respectively. These results are generally observed phenome- non in electronic ceramics which might be attributed to the improved ceramic quality due to a small amount of impurity doping [31] . It is shown that vanadium improves the piezoelectric strain. The improvement in the piezoelectric response after doping can be associated with the better polarizability and the pinning effect. Thus, we can assume that the piezoelectric response was found to be closely related to the purity of the phase and grain size which suggests that the annealing atmosphere is of fundamental importance in the switching mechanism of the ceramics because in part the reduced grain sizes leads to an increase in the grain boundaries densities which makes contribution to the decreased domain walls mobility.
To visualize the role exerted by the atmosphere on the piezoresponse of BZT10:2V ceramics we constructed domain ceramic structures. The results were observed by piezoelectric force microscopy (PFM) and are illustrated in Fig. 6 . The out-of-plane (OP) and in-plane (IP) piezoresponse images of the as-grown sample after applying a bias of -12V, on an area of 2 µm × 2 µm, and then an opposite bias of +12V in the central 1 µm × 1 µm area were employed. To obtain the domain images, a high voltage exceeding the coercive field was applied during scanning. The contrast in these images is associated with the direction of the polarization [32] . The white regions in the out-ofplane PFM images correspond to domains with the polarization vector oriented toward the bottom electrode hereafter referred to as down polarization (Fig. 6a,c,e) while the dark regions correspond to domains oriented upward referred to as up polarization. Grains which exhibit no contrast change are associated with zero out-of-plane polarization. A similar behaviour was observed when a positive bias was applied to the ceramic. We noticed that some of the grains exhibit a white contrast associated to a component of the polarization pointing toward the bottom of the sample. On the other hand, in the in-plane PFM images (Fig. 6b,d ,f) the contrast changes were associated with changes of the inplane polarization components. In this case, the white contrast indicates polarization e.g. in the positive direction of the y-axis while dark contrast are given by in-plane polarization components pointing to the negative part of the y-axis. The ferroelectric domains consist of a multiple domain state in a mixture of 90° and 180° domains which grow into large blocks. The domains grow in multiple states due to the crystal structure of the BZT10:2V phase. PFM measurements reveal a clear piezoelectric contrast which corresponds to antiparallel domains on all locations tested. There is no reduction in the amplitude of the measured vibrations which is indicative that this phase is still polar and electric field-induced polarization switching still exists. Therefore, our data confirm that the spontaneous polarization is very high in the BZT10:2V sample. Thus, vanadium can reduce the strain energy and pin charged defects. Also, we noted that some of the crystallites apparently have not been switched and still exhibit a positive piezoresponse signal. This result (which can be explained by strong domain pinning in these crystallites) is direct experimental proof that repeated switching results in information about unswitchable polarization which in turn leads to the degradation of switching characteristics.
IV. Conclusions
In summary, we have shown that the nature of BZT10:2V based ceramics defects depends on the annealing atmosphere. XPS data reveal that BZT10:2V ceramic sintered in At amb restrict the movement of Ti 4+ and Zr 4+ ions and thus reduce the space charge compensation which leads to a low piezoresponse. The saturation polarization (P s ) and coercive electric field (E c ) of BZT10:2V ceramics were improved under annealing in a nitrogen atmosphere. Meanwhile, BZT10:2V ceramics sintered in oxygen and nitrogen atmospheres exhibited excellent piezoelectric properties which indicate that the oxygen ions environment is quite different among samples. PFM measurements reveal ferroelectric domains growing into large blocks in a mixture of 90° and 180° states. In addition, it is possible that controlling the crystals defects would result in improved piezoeletric properties. The polarization behavior shows that BZT10:2V ceramics are promising for dielectric and ferroelectric applications.
